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Heat sink materialsInmostmetalmatrix composites (MMCs) interfaces are decisive but hard tomanipulate. Especially copper–carbon
composites can exhibit excellent mechanical and thermal properties only if the Cu/C interface is modiﬁed by an
optimised interlayer. Due to the excellent thermal conductivity and mechanical stability of diamond this form of
carbon is preferred as reinforcement in heat sink materials (copper–diamond composite) which are often
subjected to severe thermal and mechanical loads.
In the present case niobium and boron interlayers of various thicknesses were deposited on diamond and vit-
reous carbon substrates by magnetron sputter deposition. After the coverage of all samples by a copper ﬁlm, a
part of the samples was subjected to heat treatment for 30 min at 800 °C under high vacuum (HV) to simu-
late the thermal conditions during the production of the composite material by uniaxial hot pressing.
De-wetting during heat treatment leads to the formation of holes or humps in the Cu coating. This effect was
investigated by scanning electron microscopy (SEM) and atomic force microscopy (AFM). A comparison of
time-of-ﬂight secondary ion mass spectroscopy (TOF SIMS) proﬁles of heat treated samples with those of
as deposited ones showed the inﬂuence of interdiffusion during the heating process. Diffusion behaviour
and chemical composition of the interface were also studied by cross sectional transmission electron micros-
copy (X-TEM) investigations using focused ion beam (FIB) cut samples. The thermal contact resistance (TCR)
of the interface was calculated from results obtained from modulated infrared radiometry (IR). Thin inter-
layers suppressed de-wetting most effectively and consequently the TCR at the Cu–diamond interface was
found to decrease. Therefore they are promising candidates for optimising the Cu–diamond interface.
© 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction and motivation
The ever increasing requirements posed on industrial materials,
such as tuneable electrical and mechanical properties, high wear resis-
tivity and application in extreme environments combined with reliable
operation led to the development of new composite materials in the
past decades. One composite material class are the so called metal ma-
trix composites (MMCs), which combine the properties of the rein-
forcement with those of the matrix material [1,2]. In the case of MMCs
the material requirement of tuneable properties can be realised by
changing the volume or mass fractions of the constituents.
The relevance of the interface between matrix and reinforcements
increases, as the volume fraction of the reinforcement increases and
its lateral dimensions decrease. In many cases the interface is an es-
sential factor for increased performance. Mechanical properties asx: +43 1 58801 13899.
-NC-ND license.e.g. wear resistivity, may well surpass those of the individual compo-
nents [3–5]. The composition of the interface is decisive for the adhe-
sion between matrix and reinforcement which, in turn, inﬂuences the
thermal conductivity, the scattering of phonons and electrons or the
intrinsic forces within the composite material.
Due to the extreme characteristics of diamond regarding e. g. hardness
or high thermal conductivity combined with a low coefﬁcient of thermal
expansion (CTE) [6–8], it is widely used as reinforcement in MMCs. The
size and arrangement of diamonds depend on the required application
as e.g. cutting or grinding tools. While in this case titanium, tungsten,
stainless steel or Cu alloys are used as matrix material, the matrix in
heat sinkmaterialsmostly consists of silver, aluminiumor copper because
of the higher thermal conductivity of the lattermetals when compared to
the former. An additional difference is the signiﬁcantly higher volume
fraction of diamond reinforcements in heat sink materials.
The high thermal conductivity of diamond and copper makes this
combination very attractive for heat sink applications. In addition it is
possible to tailor the CTE by changing the diamond content in the
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of cooling applications ranging from CPUs, laser diodes, high bright-
ness LEDs or high current electronics to cooling elements for the
inner wall of beam lines as e.g. in the LHC at CERN or nuclear fusion
plants like ITER.
The incorporation of diamond particles into a copper matrix faces
the issue of the total de-wetting of Cu and C [9–11] as well as the
complete thermodynamic immiscibility of these two materials [9].
For the application as effective heat sink material not only the me-
chanical adhesion has to be improved, but the thermal interface is
even more decisive. The most promising way to match the electronic
heat conduction mechanism of copper to the phononic heat transport
mechanism of diamond and to improve the mechanical interface is
the application of thin interlayers [12]. In the present case boron
and niobium were investigated as interlayer materials. B is expected
to match the phononic heat transport mechanism of diamond, as its
mass is only slightly lower than the mass of carbon, and the electronic
one of Cu because of its semiconducting properties. Nb as carbide
forming metal was considered as a promising interface material to
enhance the wetting properties, strengthen the mechanical interface
and capture the electronic heat transport mechanism of Cu.
Tomodel the surface of reinforcements in MMCs, diamond- and vit-
reous carbon substrates of plain geometrywere coated by sputter depo-
sition. Some previous experiments, which identiﬁed a thin interlayer as
most effective in the case of boron were partially repeated to check re-
producibility and to offer the possibility of comparison with previous
works [13,14].2. Experimental
In order tomodify the Cu–diamond interface pure boronwas deposit-
ed by RF magnetron sputtering and pure niobium by DC-magnetron
sputtering from a planar magnetron source (AJA ST20). Synthetic single
crystal diamonds, Sumicrystal Type ECO Ib b100> with a nitrogen con-
tent of 10–100 ppm and the dimensions 3.5 mm×3.5 mm×1.2 mm
were used as substrate material [15]. To investigate if the microstructure
of the carbon substrate plays a signiﬁcant role, vitreous carbon substrates
(Sigradur G [16,17]) were coatedwith identical interlayers. The lateral di-
mensions of the Sigradur substrates are 10 mm×20 mm×2 mm. In all
cases the interlayer was covered by a copper top layer with a thickness
of either 300 nm or 1300 nm, deposited by DC-magnetron sputtering as
well. All deposition parameters are given in Table 1.
Interlayers with thicknesses ranging from 5 nm to 100 nm were
investigated to determine the optimal amount of interlayer material
to mechanically strengthen the interface as well as to match the dif-
ferent heat conduction mechanisms.
All synthetic diamond samples were coated without any prior sur-
face treatment. Only short wiping with acetone removed residua of
the production casing. Vitreous carbon samples were subjected to ul-
trasonic surface cleaning in acetone and ethanol before the deposition
process. Additional vapour phase cleaning and storage at 100 °C be-
fore inserting the substrates into the vacuum vessel removed further
adsorbates and guaranteed a dry, fat-free surface. After the deposition
processes a part of the samples was exposed to a temperature ofTable 1
Sputter deposition parameters.
Parameter/material B Nb Cu
Sputter mode RF DC DC
Working gas/pressure Ar/0.4 Pa
Base pressure 10−4 Pa
Target diameter 50 mm 50 mm 100 mm
Sputtering power 100 W fw 100 W 200 W
Distance target-substrate 65 mm
Temperature Room temperature800 °C under high vacuum (HV) conditions for 30 min to simulate
the thermal conditions during the production of the MMC.
Two samples combining the same substrate material with the
same interlayer material and thickness were coated in the same de-
position run. In this way two completely identical sets of samples,
each set consisting of two samples (one thermally treated and one
untreated) could be produced. The ﬁrst set was used for SEM-, AFM-,
and TOF-SIMS investigations. The second set of samples was analysed
by infrared radiometry (IR). For cross sectional TEM investigations an-
other set was prepared under exactly the same deposition conditions
(parameters given in Table 1). IR analysis of nominally equal samples
(identical deposition conditions and thermal treatment) yielded com-
parable thermal contact resistances.
As a result of heat treatment de-wetting processes led to the for-
mation of holes or humps, in the Cu coating, depending on the thick-
ness of the Cu layer. This effect was characterised by SEM (FEI XL30)
and AFM (Topometrix Explorer in contact mode with Si3N4 tips with
an opening angle of 50°). Interdiffusion processes during heat treat-
ment were analysed by comparing depth resolved TOF SIMS (TOF
SIMS V equipment by ION TOF GmbH, Germany) proﬁles of heat
treated samples with those of as deposited ones. The core character-
istics of an adaptive heat sink MMC, the thermal interface properties,
were characterised by calculating the TCR from data gained by mod-
ulated infrared radiometry (IR) operated in reﬂexion mode.
For TEM-studies either B or Nb interlayers with a thickness of
20 nm were deposited on diamond substrates and again covered by
a 1 μm thick Cu coating. A thickness of 20 nm was chosen to be able
to clearly distinguish between the two interfaces, C/interlayer and
interlayer/Cu. A part of the samples was subjected to thermal treat-
ment at 800 °C for 30 min and another part for 60 min at the same
temperature. Inside the FIB chamber another protective Pt layer was
deposited onto the 1 μm Cu top layer by electron beam- and ion
beam induced deposition. Thin lamellae of the Cu layer, the interlayer
and a part of the diamond substrate were prepared by a FEI Quanta
200 3D FIB equipment operated with Ga ions. After further thinning
of the lamellae in an Ar ion mill and He-plasma cleaning the TEM in-
vestigation of these cross sections was done by a ﬁeld emission gun
(FEG)-TEM TECNAI F20 with a LaB6 electrode operated at an extrac-
tion voltage of 200 kV in scanning TEM mode (STEM). To analyse
the chemical composition and the diffusion characteristics electron
energy loss spectroscopy (EELS) and energy dispersive X-ray spec-
troscopy (EDX) were used.
Spectral images were obtained by EELS performing line scans across
the interlayer cross sections and the surrounding diamond and cu. Com-
plete spectra are recorded at certain points along this line. At certain lat-
eral positions corresponding to the diamond substrate, the interlayer
and the two interface spectrawere extracted from the three dimension-
al spectral images and compared to each other.Fig. 1. Hole area ratio of the sample surface calculated from SEM micrographs; 300 nm
Cu on vitreous carbon substrates with B and Nb interlayers of different thicknesses; all
samples heat treated for 30 min at 800 °C.
Fig. 2. SEM micrographs with 1.3 μm Cu deposited on synthetic diamond substrates with (a) no interlayer and (b) a 5 nm Nb interlayer; both samples thermally treated for 30 min
at 800 °C.
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3.1. De-wetting and void formation
Temperature treatment has a signiﬁcant inﬂuence on the forma-
tion of holes, voids and bulges on both, the substrate coating and
the coating ambient interface. As shown in previous works [13,14]
heat treatment at 800 °C for 30 min under HV conditions results in
recrystallisation andmovement of grain boundaries [18,19]. The mea-
surements on vitreous carbon substrates were repeated (new sam-
ples, same conditions) to check reproducibility. Holes are formed in
the Cu coating in the case of 300 nm ﬁlm thickness. In the case of
thicker Cu ﬁlms (approximately 1 μm) this de-wetting process does
not primarily result in the formation of holes, but in the formation
of bulges due to the recrystallisation of Cu [11,12]. Furthermore com-
pressive stresses are generated by the different CTEs of Cu (16 ppm/K)
and carbon in its different modiﬁcations (1–1.2 ppm/K) [6–8,11,12].
They lead to buckling instabilities which are a source of the formation
of bulges within a coating. Bulge formation is associated with the forma-
tion of voids at the interface between substrate and coating as it was il-
lustrated in [11,18] for vitreous C and Cu. A direct consequence of these
temperature induced effects is a modiﬁcation of the thermal contact re-
sistance (TCR) between substrate and coating. Interlayers, in general,
have an inﬂuence on the above phenomena and can, in the best case, sig-
niﬁcantly reduce them, thus reducing also the TCR.
To quantify the inﬂuence of B and Nb interlayers on de-wetting the
method described in [13,14] for the quantiﬁcation of the total hole area
was employed. Vitreous C substrates with B and Nb interlayers of differ-
ent thicknesses were coated with 300 nm thick Cu and subjected to
heat treatment for 30 min at 800 °C for 30 min. The hole area in % of
the total sample area for this series of samples is displayed in Fig. 1.
This relative value is the most signiﬁcant describing the effect of holeFig. 3. Ra roughness values calculated from contact mode topographic AFM scans of
1.3 μm Cu ﬁlms on synthetic diamond substrates with various interlayers; comparison
of heat treated samples (30 min @800 °C) with not heat treated ones.formation. It is clearly visible in this diagram that all interlayers reduce
the total area of holes compared to the case without any interlayer by
about 1.2–2.2%. This is a relative change of about a factor of 0.1–0.3
when compared to the sample without interlayer. A thin Nb interlayer
(5 nm) reduces the area of holes by up to 1% compared with a thick
interlayer (100 nm). Thick B interlayers reduce the number and area
of holes more efﬁciently than thin ones do, but all results for B lie in a
range of about 0.4%. Obviously the thickness of the interlayer is a
more decisive parameter in the case of Nb than it is in the case of B.
Due to that fact, further investigations concentrated on thin interlayers
of both elements. In addition there are two technological arguments
favouring thin interlayers, (i) being the low amount of depositedmate-
rial so that the interlayer may be considered as a single interface rather
than a layer bounded by two interfaces, and (ii) the signiﬁcant lower
usage of material and deposition time, which reduces the production
costs. The former argument will be advantageous for the interpretation
of thermal data obtained by infrared radiometry.
To check whether the above results can qualitatively be transferred to
single crystalline diamond the topographical situation is illustrated in
Fig. 2. Fig. 2(a) shows a SEM-micrograph of a synthetic diamond substrate
coated with 1300 nm of Cu without any interlayer, while Fig. 2(b) shows
an analogous samplewith a 5 nm thick Nb interlayer. Althoughmore dis-
tinct grain boundaries can be observed in the latter case the grains appear
to beﬂatter than in the samplewithout interlayer,where 3Dgrain growth
and bulging can clearly be observed. This is consistent with the results
presented for Cu without interlayer on vitreous carbon substrates.
To quantify the topography of the 1300 nm thick Cu top layer on
synthetic diamond substrate samples with different B and Nb inter-
layers were investigated by atomic force microscopy (AFM). Fig. 3
displays the Ra roughness values of the nsample surfaces. The most
obvious fact is that all samples without thermal treatment are much
smoother than those subjected to heat treatment at 800 °C for
30 min. This veriﬁes that void and bulge formations are a direct con-
sequence of grain boundary formation and movement during the
heating process. In addition to that the AFM measurements show
that all interlayers enhance the wetting properties of the Cu ﬁlm, es-
pecially the 5 nmNb interlayer, as all samples with interlayers exhibit
a smoother Cu surface.
3.2. Interdiffusion characteristics
Interdiffusion processes induced by the thermal treatment of the
samples for 30 min at 800 °C were investigated by TOF SIMS measure-
ments. One general result of these investigations is that B andNbdiffuse
into the Cu coating in all cases, irrespective of the interlayer thickness.
Fig. 4 shows a TOF SIMS depth proﬁle of a 1300 nmCu coating on a syn-
thetic diamond substrate with a 5 nm B interlayer. Results for the sam-
ple without heat treatment are displayed in Fig. 4a and for the heat
treated sample in Fig. 4b. The comparison of these two diagrams illus-
trates the diffusion of B into the Cu coating. Moreover the C signal in
Fig. 4b follows the proﬁle of the B signal, which might indicate a
Fig. 4. Comparison of TOF SIMS proﬁles of thermally untreated (a) and heat treated samples (b) (30 min at 800 °C) for 5 nm B interlayer on synthetic diamond substrates covered
by 1.3 μm Cu, relevant regions are arrow-marked in both diagrams.
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bide. The same effect was observed in [14] for vitreous carbon sub-
strate, thus it indicates that the nature of the C-substrate is not of
primary importance insofar as the chemical effects of heat treat-
ment are concerned.
For Nb interlayers the interdiffusion characteristics are similar. In
Fig. 5 the untreated (a) and the thermally treated (b) cases are com-
pared for a 1300 nm Cu top layer on a synthetic diamond substrate
with a 5 nm Nb interlayer. As it is visible in Fig. 5b Nb does not pen-
etrate as far into the Cu layer as B does for the same heat treatment
parameters (see Fig. 4b).
The dependence of the diffusion behaviour on the interlayer thick-
ness is illustrated in Fig. 6 for the case of theNb interlayer. Fig. 6 displays
the comparison between TOF SIMS proﬁles of a 5 nm (a) and a 30 nm
(b) Nb interlayer on diamond substrates covered by a 1300 nm Cu top
layer. In both cases the samples were subjected to thermal treatment
for 30 min at 800 °C. In the case of the 30 nm interlayer much more
Nb diffuses into the Cu coating and consequently to the sample surface
than in the case of the 5 nm Nb interlayer. This fact suggests that the
higher surface roughness measured by AFM for higher Nb interlayer
thicknesses (see Fig. 3) is caused by the diffusion of interlayer material
to the sample surface.
The analysis of the difference in the element concentration before
and after thermal treatment of the samples has shown that the main
amount of the reallocated interlayer material diffuses towards the Cu
surface and a smaller part diffuses into the substrate material. As the
main amount of the interlayer material remains near the substrate/
coating interface, this effect is another indicator for the carbidisation
of B and Nb at the diamond–interlayer interface.Fig. 5. Comparison of TOF SIMS proﬁles of thermally untreated (a) and heat treated samples
by 1.3 μm Cu, relevant regions are arrow-marked in both diagrams.3.3. Thermal properties and infrared radiometry (IR)
One of the most important properties of the Cu–C system regard-
ing the manufacturing of MMCs and consequently effective heat sink
materials, the thermal interface, was characterised by infrared radi-
ometry (IR). In the used IR measurement systems thermal waves
are excited in the sample by a modulated laser beam. The thermal
waves are partially reﬂected and transmitted at every interface. By
varying the modulation frequency the depth of penetration can be
varied to obtain data from different sample regions. The frequency
dependent characteristics of the phase shift and the amplitude of
the response signal (infrared radiation) can be ﬁtted by theoretical
models [20,21]. The thermal conductivity equation in combination
with the relation of Wiedemann and Franz can only be solved for cer-
tain boundary conditions and parameters for planar waves (two di-
mensional model). If the interlayer thickness is neglected, which
can be assumed for thin interlayers, the interlayer can be considered
as interface modiﬁcation and its properties can be interpreted as an
effective TCR. The theoretical characteristics can be ﬁt to the one of
the measured amplitude to determine the TCR. A more detailed de-
scription of such systems can be found in [14,22–27].
A general result of the present measurements is that all values for
the TCR are in the range of 10−6–10−8m2K/W. In the case of dia-
mond substrates the TCR values could be determined as an absolute
value, whereas only relative values could be calculated for vitreous
carbon substrates [14] due to systematic restrictions.
In Fig. 7 TCR values for synthetic diamond substrates coated with
various interlayers and a 1300 nm Cu top layer are displayed. In all
cases the TCR of the untreated samples is higher than that of the(b) (30 min at 800 °C) for 5 nm Nb interlayer on synthetic diamond substrates covered
Fig. 6. TOF SIMS proﬁles of synthetic diamond substrates covered with 1.3 μm Cu; comparison of 5 nm Nb (a) with 30 nm Nb (b) interlayer; both samples thermally treated for
30 min at 800 °C, relevant regions are arrow-marked in both diagrams; panel a displayed only for comparability (identical to Fig. 5b).
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this case the values for the untreated and the thermally treated sample
are identical. A similar result has been obtained for the 5 nm B interlayer
on vitreous carbon substrates [14]. In addition to that this value is the
same as for the heat treated 5 nm Nb interlayer (2·10−8m2K/W).
Moreover these cases are the only ones for which the value of the TCR
falls below the result for the thermally treated samplewith no interlayer.
For the 5 nm Nb interlayer another interesting fact can be observed. The
difference between the untreated and the thermally treated case is the
highest of all samples. The TCR value of the thermally treated sample is
only 5% of that of the untreated sample. In addition the TOF-SIMS mea-
surements identiﬁed the 5 nm Nb interlayer as the one with the lowest
amount of interlayer material reallocated after thermal treatment. As
nearly the whole interlayer material stays at the interface one possible
explanation for the high difference in the TCR is that nearly all interlayer
material is ﬁxed at the interface as niobium carbide forms by thermal
treatment. Also the low contamination of Cu and C byNb leaves the ther-
mal characteristics of the constituents unchanged.
These results verify the matching properties between the phononic
(C) and electronic (Cu) heat conductionmechanismof thin B andNb in-
terlayers. For higher interlayer thicknessesmaterial transport processes
at the interface between Cu and C during thermal treatment, as e.g. dif-
fusion of the interlayer material into Cu leads to an increase of the TCR.3.4. STEM-study of interfacial properties
To investigate the chemical composition of the Cu–interlayer and
the interlayer–diamond interface in more detail and to learn aboutFig. 7. Thermal contact resistance of various interlayers on diamond substrates coated
with 1.3 μm Cu for thermally treated and untreated samples.the diffusion behaviour at these decisive positions STEM analyses of
sample cross sections were performed. The samples consisted of dia-
mond substrates, a 20 nm interlayer and a copper top layer. Two dif-
ferent thermal treatment times were chosen, 30 min and 60 min,
both at 800 °C under high vacuum.
Fig. 8 shows images of cross sections of two thermally treated
samples with B interlayer. In Fig. 8a diffusion zones are clearly visible
at both interfaces (marked by red bars), formed during thermal treat-
ment for 30 min at 800 °C. At the diamond–B interface the diffusion
zone was found to have a thickness of 4.5 nm in both thermally treat-
ed cases for 30 and 60 min as well as for the untreated ones. EELS
identiﬁed these diffusion zones to be boron carbide layers. At the B–
Cu interface there is no interdiffusion in thermally untreated samples,
whereas in both thermally treated cases the formation of a diffusion
zone with a thickness of 4 nm could be observed. The difference be-
tween the thermally treated samples for 30 min and 60 min is the
diffusion of interfacial material through the whole B interlayer in
the latter case (Fig. 8b). This effect results in the formation of dark
areas in the interlayer. EELS analysis identiﬁed these areas to be
boron carbide diffusing from the diamond–B interface through the
interlayer even into the B–Cu diffusion zone.
The results of the EELS analysis for the B interlayer are illustrated
in Fig. 9a,b,c. The comparison of the diamond peaks obtained from the
diamond substrate with the ones recorded at the diamond–B inter-
face indicates the formation of boron carbide due to the carbidisation
of diamond at the interface in all three cases (thermally untreated (a),
treated for 30 min (b), treated for 60 min (c)). The carbidisation is in-
dicated by the transformation from a clear diamond peak to a carbon
peak in general and especially by the appearance of the typical carbon
pre-peak at the interface. The difference in ﬁne structure when com-
paring the B peak at the diamond/B interface with the B peak
obtained from the central part of the interlayer indicates the forma-
tion of boron carbide at the interface. In the case of thermal treatment
for 60 min (Fig. 9c) the B peak at the central part of the interlayer and
at the B–Cu interface shows the same modiﬁcation in ﬁne structure.
This is due to the interdiffusion of boron carbide through the whole
B layer.
For Nb interlayers, Fig. 10a displays the cross section of a sample
subjected to thermal treatment for 30 min at 800 °C. The diffusion
of Cu into the Nb interlayer is clearly visible in this image as the
brighter part of the interlayer. No interdiffusion was found at the di-
amond–Nb interface for all samples. Also no clear EELS results could
be obtained concerning the chemical composition of the interfaces
because of (i) the poor EELS-yield of niobium and (ii) the delayed
edge of Nb in the EELS-spectrum (see Fig. 10b). This delayed edge co-
incides with the carbon peak to a certain extent, as it is illustrated in
Fig. 10b, in which the EELS spectra at the diamond–Nb interfaces for
Fig. 8. TEMmicrographs of cross sections of B interlayer; (a): diffusion zones (red bars) visible after thermal treatment for 30 min at 800 °C; (b): interdiffusion of interface material
through hole interlayer (dark areas) after heat treatment for 60 min at 800 °C.
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chemical shift in the carbon peak and a difference in ﬁne structure
too, but as there are no observable differences in the delayed Nb
edge, this is too few information to clearly verify the existence of ni-
obium carbide.
Due to the poor EELS yield of Nb the diffusion behaviour at the Nb–
Cu interface was characterised by EDX. In samples without any thermal
treatment no interdiffusion was found as it is illustrated in Fig. 11a.
Thermal treatment for 30 min at 800 °C results in the diffusion of Cu
into the Nb interlayer and Nb into the Cu top layer, each about 5 nm
deep, which leads to a diffusion zone with a width of about 10 nm
(Fig. 11b). Fig. 11c illustrates the situation after 60 min thermal treat-
ment at 800 °C. While Cu diffuses about 5 nm into the Nb interlayer,
Nb diffuses 17 nm into the Cu top layer, which results in an interdiffu-
sion zone with a width of about 22 nm which is the same thickness as
the initial interlayer. Therefore prolonged thermal treatment might re-
sult in a contamination of the Cu matrix which may deteriorate the
thermal conductivity of a potential Cu–diamond MMC.
4. Conclusion and outlook
The present paper has shown that B and Nb interlayers can positively
inﬂuence the thermal properties of interfaces in Cu–diamond systems.
The surface of diamond particles, which are used as reinforcements in
Cu matrix composites, was modelled by coating diamond substrates ofFig. 9. EELS spectra recorded from B interlayer cross sections at the diamond substrate, the d
thermal treatment (a), heat treated samples at 800 °C for 30 min (b) and thermally treatedplain geometry. After deposition of the interlayer and the Cu top layer
the identiﬁcation and characterisation of the interface is more effective
using this model system as if diamond particles would have been used
as substrate material.
In the case of thin interlayers it was possible to replace the
interlayer by an effective thermal contact resistance (TCR) which
makes the modelling of the system easier. The TCR could be quan-
titatively determined by IR radiometry and it was shown that thin
interlayers can reduce the TCR by about one order of magnitude
after heat treatment of the samples, when compared to pure Cu–
diamond samples.
Chemical effects at the interface include the formation of carbides
and the diffusion of the interlayer material into both, the Cu top layer
as well as into the diamond substrate. Heat treatment also changes the
morphology of the Cu top layer due to recrystallisation and de-wetting.
For both, chemical and morphological modiﬁcations, trends observed
for vitreous carbon substrates [14] could be transferred to diamond
substrates.
In the case of B interlayers the formation of boron carbide even in
samples which were not subjected to thermal treatment, found in
samples with 20 nm B interlayer by EELS, is in perfect agreement
with the results of the infrared radiometry measurements. This fact
explains the exact equal values of the TCR for samples with 5 nm B
interlayer before and after thermal treatment for 30 min at 800 °C.
Furthermore the thickness of the boron carbide layer observed byiamond-B interface, the B interlayer and the B–Cu interface of samples not subjected to
samples at 800 °C for 60 min (c).
Fig. 10. TEMmicrograph of the cross section of Nb interlayer (a) and resulting EELS spectra for the three different cases of thermal treatment recorded at the diamond–Nb interface
(b). No signiﬁcant difference in the spectra is visible.
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to boron carbide in samples investigated by IR. Regarding the interdif-
fusion behaviour at both interfaces the results of the TOF SIMS mea-
surements are consistent with the STEM results.
For Nb interlayers only the high TCR values of samples not subjected
to thermal treatment could be explained satisfactorily by EELS as no ni-
obium carbide could be found in these samples. The lower TCR after
thermal treatment is obviously not caused by interdiffusion of Nb and
C or the formation of niobium carbide. On the other hand the fact that
no niobium carbide was observed does not exclude the possibility of
formation of niobium carbide in the investigated samples due to the
mentioned problems, as there are the poor EELS yield and the delayed
edge of Nb in the EELS spectrum. The very large difference in the TCR
between thermally treated and untreated samples indicates a transfor-
mation which cannot be explained just by the interdiffusion of Nb and
Cu alone, which is observed by TOF SIMS. Analysing the difference in el-
ement concentrations before and after thermal treatment by TOF SIMS
shows an interdiffusion of C and Nb. This indicates a possible chemical
transformation at the diamond–Nb interface or, at least, the formation
of a graded interface between Nb and diamond which can inﬂuence
the transmission of phonons.
A very general conclusion of the presentwork is that very thin inter-
layers improve the thermal and mechanical interface properties of the
Cu–C system even more signiﬁcantly than interlayers with a higher
thickness. This is especially relevant if the manufacturing process of di-
amond reinforced metal matrix composites is taken into consideration.
The requirement of thin interlayers results in low deposition time andFig. 11. EDX results of Nb interlayer cross sections recorded at the Nb–Cu interface for the th
60 min at 800 °C). Increase of diffusion lengths with the duration of heat treatment is cleamaterial consumption which consequently might reduce the produc-
tion costs.
Future work will focus on the deposition and analysis of Nb and B
interlayers on granular synthetic diamond. The main issue will be,
whether experimental results from two-dimensional plane samples
can be transferred to three-dimensional objects or not. Moreover
the manufacturing process of copper–diamond MMCs offers many
degrees of freedom (e.g. interlayer uniformity, determination of the
composite density by variation of hot pressing parameters), which
are inﬂuencing the mechanical and thermal properties for the ﬁnal
material. The optimum parameters combined with optimised inter-
layers have to be found to produce an effective high performance
heat sink material.
Acknowledgments
This work was supported by the Austrian Science Fund (FWF):
P-19379. The help of Prof. Josef Pelzl (Ruhr University Bochum) in
interpreting the IR-measurement data and critical discussion is grate-
fully acknowledged.
References
[1] R. Prieto, J.M. Molina, J. Narciso, E. Louis, Scr. Mater. 59 (2008) 11.
[2] Y.F. Sun, C.H. Shek, S.K. Guan, B.C. Wei, J.Y. Geng, Mater. Sci. Eng. A 435–436
(2006) 132.
[3] A. Niederhofer, P. Nesládek, H.-D. Männling, K. Moto, S. Vepřek, M. Jílek, Surf.
Coat. Technol. 120–121 (1999) 173.ree different cases of thermal treatment ((a): untreated, (b): 30 min at 800 °C, and (c):
rly visible.
31J. Hell et al. / Surface & Coatings Technology 208 (2012) 24–31[4] S. Veprek, A.S. Argon, Surf. Coat. Technol. 146–147 (2001) 175.
[5] H.-D. Männling, D.S. Patil, K. Moto, M. Jilek, S. Veprek, Surf. Coat. Technol.
146–147 (2001) 263.
[6] S.L. Shindé, J.S. Goela, High Thermal Conductivity Materials, Springer, New York,
2004.
[7] D.D.L. Chung, Appl. Therm. Eng. 21 (2001) 1593.
[8] H.O. Pierson, Handbook of Carbon, Graphite, Diamond and Fullerenes, Noyes Pub-
lications, Park Ridge, New Jersey, USA, 1993.
[9] T.B. Massalski, H. Okamoto, P.R. Subramanian, L. Kacprzak, 2nd ed., Binary Alloy
Phase Diagrams, vol. 1, ASM International, Ohio, 1990.
[10] E. Neubauer, S. Chotikaprakhan, D. Dietzel, B.K. Bein, J. Pelzl, C. Eisenmenger-Sittner,
C. Schrank, G. Korb, Appl. Surf. Sci. 252 (2006) 5432.
[11] C. Eisenmenger-Sittner, E. Neubauer, C. Schrank, J. Brenner, C. Tomastik, Surf.
Coat. Technol. 180–181 (2004) 413.
[12] C. Eisenmenger-Sittner, C. Schrank, E. Neubauer, E. Eiper, J. Keckes, Appl. Surf. Sci.
252 (2006) 5343.
[13] D. Schäfer, J. Hell, C. Eisenmenger-Sittner, E. Neubauer, H. Hutter, N. Kornfeind,
Vacuum 84 (2010) 202.
[14] D. Schäfer, C. Eisenmenger-Sittner, M. Chirtoc, P. Kijamnajsuk, N. Kornfeind, H.
Hutter, E. Neubauer, M. Kitzmantel, Surf. Coat. Technol. 205 (2011) 3729.
[15] Product data speciﬁcation: leaﬂet of Sumitomo Electric Hartmetall GmbH, http://
www.sumitomotool.com/.
[16] R. Dübgen, G. Popp, Materialwiss. Werkstofftech. 15 (10) (1984) 331.[17] Product data speciﬁcation: leaﬂet of HTW Hochtemperatur-Werkstoffe GmbH,
http://www.htw-germany.com/.
[18] C. Schrank, C. Eisenmenger-Sittner, E. Neubauer, H. Bangert, A. Bergauer, Thin
Solid Films 459 (2004) 276.
[19] D.J. Srolovitz, M.G. Goldiner, J. Mater. 47 (3) (1995) 31.
[20] S. Chotikaprakhan. Photothermal Investigation of temperature ﬁelds and local
thermophysical properties in coatings and semiconductors. PhD Thesis, Ruhr Uni-
versity Bochum (2006).
[21] N. Horny, J.-F. Henry, S. Offermann, C. Bissieux, J.L. Beaudoin, in: 5th International
Conference on Quantitative Infrared Thermography, 2000, TRI /NT-74231.
[22] F. Macedo, F. Vaz, L. Rebouta, P. Carvalho, A. Haj-Daoud, K.H. Junge, J. Pelzl, B.K.
Bein, Vacuum 82 (2008) 1457.
[23] F. Macedo, A. Gören, F. Vaz, J.L. Nzodoum Fotsing, J. Gibkes, B.K. Bein, Vacuum 82
(2008) 1461.
[24] G. Busse, J. Phys. Conf. Ser. 214 (2010) 01203, http://dx.doi.org/10.1088/1742-6596/
214/1/012003.
[25] K.H. Michaelian, Q. Wen, J. Phys. Conf. Ser. 214 (2010) 012004, http://
dx.doi.org/10.1088/1742-6596/214/1/012004.
[26] M. Chirtoc, J. Phys. Conf. Ser. 214 (2010) 012005, http://dx.doi.org/10.1088/
1742-6596/214/1/012005.
[27] M. Chirtoc, in: Thermal Wave Physics and Related Photothermal Techniques:
Basic Principles and Recent Developments, ISBN: 978-81-7895-401-1, 2009,
p. 29.
